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Enterotoxigenic Escherichia coli (ETEC) is a Gram-negative enteric pathogen that causes profuse watery
diarrhea through the elaboration of heat-labile and/or heat-stable toxins. Virulence is also dependent upon the
expression of adhesive pili and afimbrial adhesins that allow the pathogen to adhere to the intestinal
epithelium or mucosa. Both types of enterotoxins are regulated at the level of transcription by cyclic AMP
(cAMP) receptor protein (CRP). To further our understanding of virulence gene regulation, an in silico
approach was used to identify putative CRP binding sites in the genome of H10407 (O78:H11), an ETEC strain
that was originally isolated from the stool of a Bangledeshi patient with cholera-like symptoms circa 1971. One
of the predicted binding sites was located within an intergenic region upstream of tibDBCA. TibA is an
autotransporter and afimbrial adhesin that is glycosylated by TibC. Expression of the TibA glycoprotein was
abolished in an H10407 crp mutant and restored when crp was provided in trans. TibA-dependent aggregation
was also abolished in a cyaA::kan strain and restored by addition of exogenous cAMP to the growth medium.
DNase I footprinting confirmed that the predicted site upstream of tibDBCA is bound by CRP. Point mutations
within the CRP binding site were found to abolish or significantly impair CRP-dependent activation of the
tibDB promoter. Thus, these studies demonstrate that CRP positively regulates the expression of the glycosyl-
ated afimbrial adhesin TibA through occupancy of a binding site within tibDBp.

More than 100 genes in Escherichia coli and many other
bacterial species are regulated by cyclic AMP (cAMP) receptor
protein (CRP) through direct and indirect pathways (12, 33,
36, 42, 75, 76). For CRP, DNA binding is cAMP dependent
and the position of a CRP binding site relative to RNA poly-
merase largely determines whether it functions as an activator
or a repressor of a particular gene or operon. With respect to
the transcription start site, CRP binding sites centered at or
near �62, �72, �83, or �93 are typical for class I CRP-
dependent promoters. Class II promoters have a binding site
centered at or near �41.5 (16, 24, 50). Class III promoters are
more complex in that they usually require an additional tran-
scription factor or multiple CRP binding sites (24). In compar-
ison to class I and class II promoters, class III and CRP-
repressed promoters display a greater range of binding site
positions (33).

In addition to regulating the expression of metabolic and
housekeeping genes, CRP has been shown to regulate the
expression of many virulence factors. For example, CRP pos-
itively regulates the expression of Pla, a surface-exposed pro-
tease of Yersinia pestis that is necessary for the establishment of
primary pneumonic plague and facilitates dissemination of the
bacterium during bubonic plague (46, 49). In Vibrio vulnificus,
a marine bacterium that causes gastroenteritis when ingested
with contaminated seafood, CRP positively regulates the ex-
pression of a cytolytic hemolysin and a heme receptor (18, 61).
The Vibrio cholerae toxin is negatively regulated by CRP

through an indirect pathway involving the second regulator,
TcpP (47, 70). In contrast, expression of the heat-labile toxin of
enterotoxigenic E. coli (ETEC) is repressed by CRP when it
binds to an operator centered directly over the toxin promot-
er’s �35 hexamer (10). The Salmonella enterica serovar Typhi-
murium Stn enterotoxin is negatively regulated by CRP (51).
This is not surprising, because Stn is similar to both cholera
and heat-labile toxin.

Adherence to biotic and abiotic surfaces is another impor-
tant trait of many pathogenic bacteria, and several studies have
shown that many types of adhesive pili are CRP regulated. For
example, the toxin-coregulated pilus of V. cholerae is negatively
regulated by CRP (70). The bundle-forming pilus of entero-
pathogenic E. coli may also be repressed by CRP (26, 63). In
Serratia marcescens and uropathogenic E. coli, CRP negatively
regulates the expression of type I fimbriae (41, 59). CRP pos-
itively regulates the expression of ETEC K99 and 987P pili
through direct and indirect pathways, respectively (25, 54).
CRP apparently also regulates the expression of other ETEC
pili such as CFA/I, CS1, CS2, and CS3 because their expression
is subject to catabolite repression (29, 43). In this study, we
show that CRP also regulates the expression of the ETEC
tibDBCA locus, which encodes a glycosylated autotransporter
(TibA) that facilitates adherence to mammalian cells, autoag-
gregation, and biofilm formation (52, 53, 69).

MATERIALS AND METHODS

Strains and plasmids. The relevant features of the E. coli strains used in this
study are shown in Table 1. The tibDB promoter region from �594 through �77,
with the numbering relative to the tibD ATG start codon, was amplified from the
chromosome of ETEC strain H10407 (20, 30) with primers SN879 and SN882.
The sequences of oligonucleotide primers are listed in Table 2. The 0.7-kb PCR
product was digested with XbaI and EcoRI and then ligated into the same sites
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of the pHKLac1z polylinker to construct pTibDBLac1 [tibDBp(�594 to
�77)::lacZ]. Plasmid pHKLac1z is a promoterless Lac reporter plasmid carrying
the pir-dependent R6K� origin of replication, aadA conferring resistance to
spectinomycin and streptomycin, and attPHK022. Read-through from flanking
sequences is prevented by transcriptional terminators located immediately up-
stream of the polylinker and downstream of lacZ. Plasmid pTibDBLac1 served
as the PCR template for oligonucleotide-directed mutagenesis of the CRP bind-
ing site tibDBo. In brief, the plasmid was subjected to inverse PCR with primer
pair SN892 and SN893 or SN890 and SN891. The PCR products were digested
with XhoI and then circularized with T4 DNA ligase. The resulting binding sites,
tibDBo1 and tibDBo2, carry XhoI sites in the promoter-distal and promoter-
proximal regions of the CRP binding site, respectively. DNA sequencing con-
firmed that no other mutations were present in the tibDB promoter fragments.
To avoid the possibility of PCR errors outside the sequenced regions, the mu-
tagenized promoter fragments were cloned into pHKLac1z as described above.
The resulting reporter plasmids, pTibDBLac2 and pTibDBLac3, carry tibDBo1
and tibDBo2, respectively. Lac reporter strains were constructed by integration of
reporter plasmids into the chromosomal attBHK022 site of BW25113 (22) and its
isogenic crp::kan progeny JW5702 (5) by site-specific recombination with
IntHK022 (37). Single integrants were verified by colony PCR as previously de-
scribed (37).

Plasmid pDCRP is an ampicillin-resistant derivative of pBR322 that expresses
crp from its own promoter (7). Plasmid pDU9 is a �crp subclone of pDCRP (7).
Plasmid pSE186 (39) was constructed by cloning crp into the vector pHG165,
which confers resistance to ampicillin (71). The complete tib locus, tibDBCA, was
cloned into pHG165 to construct pET109 (28). Plasmid pET142 carries the same
3.6-Kb tibDBCA141 fragment as pET146 (28) but in pHG165 rather than
pACYC184. To construct pGPM1121 (tibB60CA); the tibDB promoter region, tibD,
and the first 59 codons of tibB were excised from pET109 as a 3.5-Kb BglII
fragment.

�-Galactosidase assays. Lac reporter strains were grown aerobically at 37°C in
Luria-Bertani (LB) medium (10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter
NaCl) with 30 �g/ml streptomycin, 30 �g/ml spectinomycin, and, as required, 100
�g/ml ampicillin. Cells were harvested from stationary-phase cultures, lysed, and
assayed for �-galactosidase activity as previously described (58).

Aggregation assays. Strains BW25113 and JW3778 harboring pET109,
pET142, or pGPM1121 were cultured aerobically with agitation to stationary
phase at 37°C in LB10 (10 g/liter tryptone, 5 g/liter yeast extract, 0.58 g/liter
NaCl) with 100 �g/ml ampicillin. This low-salt medium was used for aggregation
assays because we have observed that TibA-dependent aggregation, but not
necessarily TibA expression, is progressively inhibited by increasing concentra-
tions of NaCl. High salt concentrations have also been reported to disrupt
self-interactions of AIDA-I, another autoaggregating adhesin of diarrheagenic
E. coli (34). For qualitative comparisons, representative cultures of four or more
independent replicates were photographed immediately after vigorous mixing
and 3 h after standing at room temperature without agitation. A spectropho-
tometer was used to measure the absorbance at 600 nm of aliquots from the

upper portion of selected cultures. The aggregation factor was calculated as the
difference between the mixed and static absorbance readings.

DNase I footprinting. CRP was purified to 89% purity, as determined by
lab-on-chip analysis (Agilent Technologies), on an immobilized metal ion affinity
column as previously described (10, 74). For DNase I footprinting of the coding
strand, a DNA template from �334 through �57 was produced by PCR with
primer SN885 and 32P-end-labeled primer SN882 (Table 2). For the noncoding
strand, a PCR product from �576 through �70 was generated with primer
SN879 and 32P-end-labeled primer SN884. The PCR products, whose numbering
is relative to the tibD initiating codon, were purified on nondenaturing acryl-
amide gels as previously described (60). Following their purification, the DNA
templates were equilibrated with or without CRP for 30 min at 37°C in 10 mM
Tris-Cl (pH 7.6), 50 mM KCl, 1 mM dithiothreitol, 2 ng/�l poly(dI-dC), 0.4 mM
MgCl2, 0.2 mM CaCl2, 100 �g/ml bovine serum albumin, 0.5 mM cAMP. Once
equilibrated, DNA templates were digested with DNase I at a final concentration
of 100 ng/�l for 1 min at 37°C. Cleavage reactions were terminated by the
addition of approximately 10 volumes of 570 mM NH4 acetate, 50 �g/ml tRNA,
80% (vol/vol) ethanol. DNA was then precipitated on dry ice, washed with 70%
(vol/vol) ethanol, and suspended in 4 �l of 80% (vol/vol) formamide, 50 mM
Tris-borate (pH 8.3), 1 mM EDTA, 0.1% (wt/vol) xylene cyanol, 0.1% (wt/vol)
bromophenol blue. After denaturation at 85°C for 5 min, aliquots were separated
on sequencing gels alongside TC and GA sequence ladders (57). Gels of primer
extension and footprinting reactions were exposed to phosphor screens (Bio-Rad
Laboratories), which were then scanned with a phosphorimager (GE Health-
care). Digital densitometry was done using ImageJ (1) running under Mac OS X
(Apple Inc.).

Primer extension. Total RNA was harvested from Lac reporter strains
GPM1710, GPM1713, GPM1604, GPM1605, GPM1606, and GPM1607 grown to
mid-log phase in LB medium at 37°C as described elsewhere (11). 32P-end-
labeled primer SN884 was combined with 15 to 40 �g of total RNA, and the
solution was heated for 5 min at 65°C and then cooled on ice for 2 min. The
annealed primer was then extended with SuperScript III reverse transcriptase
according to the manufacturer’s protocol (Invitrogen). Aliquots of each reaction
mixture were separated on sequencing gels alongside dideoxy chain-terminated
sequencing ladders (66).

In silico analyses. Mauve (21) was used to align the chromosomes of ETEC
strain H10407 (GenBank accession no. FN649414) and K-12 strain MG1655
(accession no. U00096) (9, 20). A data set and nucleotide frequency table of 139
aligned CRP binding sites were downloaded from the RegTransBase database
(44) (http://regtransbase.lbl.gov/). The frequency table was then used to calculate
a position-weighted matrix as described previously (62). The position-weighted
matrix was then used by our own software (DNAEntropy) to search for and rank
putative CRP binding sites within select regions of the H10407 chromosome.

Membrane fractionation. Outer membrane fractions were isolated as previ-
ously described (28). Briefly, bacteria were cultured aerobically at 37°C in LB
medium to late log phase, harvested by centrifugation, and then lysed by two
passages through a French press. Inner and outer membranes were separated by
sucrose density ultracentrifugation (67). The protein concentration of membrane
fractions was determined by the Bradford method (13) with reagents purchased
from Bio-Rad Laboratories.

Protein electrophoresis. Electrophoresis of membrane fractions was per-
formed under denaturing conditions by the method of Laemmli (48). Gels were
stained for proteins with Coomassie blue or for glycoprotein as described below.
For immunoblotting, proteins separated by electrophoresis were transferred to
nitrocellulose and then blocked with casein filler solution (10 mM Tris-buffered

TABLE 2. Oligonucleotides used in this study

Oligonucleotide Sequencea

SN879 ..........GCATCTAGAAATGCCGGGCTGGCTG
SN882 ..........GACGAATTCGTCTGCGTCTCTCAG
SN884 ..........GACGAATCAGTGCAGAGTAACGCG
SN885 ..........GACTCTAGATTTTAGCTTTTGTCTGG
SN890 ..........GACTCGAGAATTTTTAATTAATTGTTGT

TTGC
SN891 ..........GTCTCGAGTATAAATCAATAAAACTCTCG
SN892 ..........GTCTCGAGTTTATATCAAACAATTTTTAATT

AATTG
SN893 ..........GACTCGAGAAACTCTCGTATCAAATCCCTTC

a Underlined nucleotides indicate primer-template mismatches that add sites
for restriction endonucleases.

TABLE 1. Bacterial strains

Strain Relevant features Reference

H10407 ETEC O78:H11:K80 TibA� CFA/I�

LT� STh� STp�
30

H10407 �crp H10407 �crp This study
HB101 recA13 lacY1 12a
BW25113 �lacZ4787(::rrnB-4) 22
JW5702 BW25113 crp::kan 5
JW3778 BW25113 cyaA::kan 5
GPM1710 BW25113 attBHK022::pTibDBLac1

�tibDBo tibDBp::lacZ�
This study

GPM1713 JW5702 attBHK022::pTibDBLac1
�tibDBo tibDBp::lacZ�

This study

GPM1605 BW25113 attBHK022::pTibDBLac2
�tibDBo1 tibDBp::lacZ�

This study

GPM1607 JW5702 attBHK022::pTibDBLac2
�tibDBo1 tibDBp::lacZ�

This study

GPM1604 BW25113 attB HK022::pTibDBLac3
�tibDBo2 tibDBp::lacZ�

This study

GPM1606 JW5702 attB HK022::pTibDBLac3
�tibDBo2 tibDBp::lacZ�

This study
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saline [pH 7.4], 2% [wt/vol] casein, 0.1% [wt/vol] sodium azide). Blocked filters
were incubated for 1 h with a 1:200 dilution (in casein filler) of rabbit polyclonal
anti-TibA antibody (52), washed in Tris-buffered saline containing 0.05% (vol/
vol) Triton X-100, incubated for 1 h with alkaline phosphatase-conjugated pro-
tein A (Sigma) (1:2,000 dilution in casein filler), rewashed, and then detected
with nitroblue tetrazolium chloride–5-bromo-4-chloro-3-indolyl phosphate tolu-
idine salt (NBT-BCIP; Roche).

Detection of glycoproteins. Glycoproteins were detected on nitrocellulose
membranes using method B of the digoxigenin (DIG) glycan detection kit ac-
cording to the manufacturer’s recommendations (Roche). Briefly, proteins were
separated by SDS-PAGE and then transferred to nitrocellulose. Membranes
were washed in phosphate-buffered saline (PBS; 50 mM potassium phosphate
[pH 6.5], 150 mM NaCl), and carbohydrates were oxidized with sodium meta-
periodate. Oxidized carbohydrates were labeled with DIG-conjugated hydrazide.
DIG-labeled proteins were visualized using alkaline phosphatase-conjugated an-
ti-DIG antibodies and then detected with NBT-BCIP.

Digital images. Digital images were cropped and scaled using Canvas X (ACD
Systems) running under Mac OS X (Apple Inc.). The same software was also
used to adjust brightness and contrast uniformly across digital images as neces-
sary for visual clarity.

RESULTS

Identification of a CRP binding site upstream of tibDB. CRP
regulates the expression of several ETEC virulence factors,
including enterotoxins and certain types of adhesive pili (10,
25, 29, 43, 54). Thus, we reasoned that the further elucidation
of the CRP regulon in ETEC could advance our understanding
of this pathogen. Since microarrays containing an ETEC ge-
nome were not available for this study, we sought to identify
CRP-regulated genes using a bioinformatics approach. To do
this, we used a frequency table compiled from 139 known CRP
binding sites to calculate a position-weighted matrix. The ma-
trix was then used to search the genome of ETEC strain
H10407 for potential CRP binding sites. Putative binding sites
were ranked by the product of the Shannon redundancy index
and Berg-von Hippel function (62). To limit the identification
of false positives, we also restricted our analysis to putative
sites ranking below a Shannon redundancy index of 2.0 be-
cause low values indicate a better fit to the data set of known
CRP binding sites than high values. Although this cutoff value
is arbitrary, 75% of the 139 characterized CRP binding sites in
the RegTransBase database score below this threshold (Fig. 1).
Since CRP binding sites have already been extensively charac-

terized in K-12 strains, we further restricted our analysis to
pathogen-specific regions of the chromosome. These unique
regions were identified by aligning the H10407 and K-12 chro-
mosomes (35, 36, 45). Among the putative CRP binding sites
that we identified, one is located within a 16-Kb insertion at
min 44.8 relative to the MG1655 chromosome. Features flank-
ing this insertion include the CP4-44 cryptic prophage and
sbmC (http://www.ecogene.org/). The putative CRP binding
site, tibDBo, is located within a 372-bp intergenic region up-
stream of tibDB (Fig. 2A). Relative to the 139 binding sites that
define the position-weighted matrix, tibDBo ranks within the
50th percentile with a score of 1.1 (Fig. 1).

TibA expression is dependent upon CRP. Since bacteria
expressing TibA autoaggregate and settle out of solution (69),
we evaluated TibA expression by monitoring the aggregation
of K-12 strains that were transformed with various plasmids.
We observed that BW25113 aggregated and settled out of
solution more rapidly when it harbored pET109 (tibDBCA)

FIG. 1. In silico identification of a CRP binding site upstream of
tibDBCA. Histogram of characterized CRP binding sites. A position-
weighted matrix was calculated from a frequency table derived from
139 aligned CRP binding sites. The matrix was then used to score each
of the 139 binding sites as the product of the Shannon redundancy
index and the Berg-von Hippel function. Low scores indicate a better
fit to the collection of known binding sites than high scores. Bound
regions enclose 50% and 75% of the 139 binding sites.

FIG. 2. TibA-dependent aggregation. (A) Graphic depicting the chro-
mosomal tib locus of ETEC strain H10407. The predicted CRP binding
site upstream of tibDB is represented by a shaded rectangle. Solid lines
represent regions of the tib locus carried by plasmids pET109 (tibDBCA),
pET142 (tibDBCA141), and pGPM1121 (tibB60CA). (B) Representative
stationary-phase cultures photographed immediately after mixing (t 	 0)
and 3 h after standing without agitation (t 	 3H). (C) The absorbance
(600 nm) of the upper fraction from stationary-phase cultures was read
immediately after mixing and after the cultures were allowed to stand for
3 h without agitation. The difference between the two absorbance read-
ings was used as the aggregation factor. Error bars represent the standard
deviations of the means (n 	 4). P values were calculated using the
Student t test. WT, wild-type K-12 strain BW25113; cyaA::kan, K-12 strain
JW3778.
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than when it harbored pET142 (tibDBCA141) (Fig. 2B). This
result was expected and confirms that this assay reflects TibA-
dependent aggregation, because tibA141 is a deletion of the
tibA 3
 coding region (Fig. 2A). In addition to tibA, aggregation
was found to be dependent upon tibDB and/or the tibDB pro-
moter region because BW25113/pGPM1121 (tibB60CA) failed
to aggregate (Fig. 2B). This result also demonstrates that a
tib-encoded promoter is required for TibA expression, as op-
posed to a vector-encoded promoter, because pGPM1121
(tibB60CA) was constructed by deletion of an internal tib frag-
ment from pET109 (tibDBCA) without disruption of flanking
vector sequences. In addition, this tib-encoded promoter must
lie upstream of tibB.

Having established that aggregation is an indicator of TibA
expression from a tib-encoded promoter, we next compared
aggregation of a cyaA::kan strain to that of an isogenic wild-
type strain. Unlike the wild-type strain harboring pET109
(tibDBCA), which readily aggregated, aggregation was abol-
ished in the cyaA::kan strain unless cAMP was provided exog-
enously (Fig. 2C). Since CRP requires cAMP for its activity,
these results suggest that CRP is a positive regulator of TibA
expression. As expected, strains harboring pET142 (tibD-
BCA141) failed to aggregate regardless of genetic background
or exogenous cAMP.

In addition to aggregation assays with K-12 strains, we also
evaluated the expression of TibA in ETEC strain H10407 and
its isogenic H10407 �crp derivative. In agreement with our
aggregation assays, we found by Western blotting that TibA
expression was abolished in H10407 �crp (Fig. 3A). Transfor-
mation of H10407 �crp with the CRP expression plasmid
pSE186 restored TibA expression. In contrast, TibA was not
expressed when H10407 �crp was transformed with the vector
control pHG165. Since TibA is glycosylated by TibC, Western
blot results were mirrored by glycoprotein staining (Fig. 3B).
Taken together, the results of our aggregation assays, Western
blotting, and glycoprotein staining demonstrate that CRP is
required for the expression of TibA.

CRP binds to tibDBo in vitro. As expected from its relatively
low score, in vitro DNase I footprinting confirmed that CRP
binds to the site predicted by in silico analysis (Fig. 4). With
respect to the tibD start codon, CRP protected a region from
�212 through �188 on the coding strand and from �218
through �187 on the noncoding strand. CRP-dependent
DNase I hypersensitive sites were also observed at �204 and
�195 on the coding strand and �209 and �199 on the non-
coding strand. These hypersensitive sites may indicate a dis-

tortion of the DNA helix, which is expected because CRP has
been shown to bend DNA by as much as 90 degrees (68, 72).
An additional hypersensitive site was observed at �248 on the
coding strand. Curiously, this site lies approximately three he-
lical turns upstream of the DNase I footprint of bound CRP.
Since hypersensitivity is often visually apparent before protec-
tion, the hypersensitive site at �248 may indicate the presence
of an unsaturated low-affinity CRP binding site. This phenom-
enon is evident on the noncoding strand at position �209,
which displays hypersensitivity at 15 nM CRP in the absence of
substantial protection of other bases within the site (Fig. 4).

CRP activates the tibDB promoter. To evaluate the biolog-
ical relevance of the CRP binding site, we integrated a
tibDBp::lacZ reporter plasmid into the chromosomal attBHK022

site of wild-type and crp::kan K-12 strains. Our analysis re-
vealed that expression of �-galactosidase was 7-fold lower in
the crp::kan reporter strain than in the wild-type reporter strain
(Fig. 5A). Expression of �-galactosidase was restored to wild-
type levels when CRP was provided in trans to the crp::kan
mutant. As expected, the vector control plasmid pDU9 had no
effect in the same genetic background. We also evaluated the
effects of point mutations within binding site tibDBo (Fig. 5B).
Mutagenized binding site tibDBo1 carries six mutations in the
promoter-distal portion of the CRP binding site, while tibDBo2
carries five mutations in the promoter-proximal portion (Fig.
6). We found that tibDBo1 and tibDBo2 abolish CRP’s ability
to activate tibDBp (Fig. 5B). Thus, these results demonstrate
that occupancy of tibDBo, which was predicted in silico and
subsequently confirmed by DNase I footprinting, results in
CRP-dependent activation of the tibDB promoter.

Identification of CRP-dependent transcription start sites.
After determining that CRP activates tibDBp, we used primer
extension to map the promoter’s CRP-dependent transcription
start sites (Fig. 6A). P2, the most abundant primer extension
product by digital densitometry, mapped to an adenosine at �142
relative to the tibD start codon (Fig. 6B). A less pronounced
primer extension product, P3, mapped to an adenosine at
�139, followed by a minor product, P1, that corresponds to an
adenosine at �151. Although only one representative reaction
is shown, the relative intensities of the three bands (P2 � P3 �
P1) was reproducible. In addition, all three bands are CRP
dependent because they were not observed with RNA har-
vested from crp::kan strains (Fig. 6A). The CRP binding site
mutations tibDBo1 and tibDBo2 also abolished the three
primer extension products, even in the crp� background (Fig.
6A). However, �-galactosidase assays demonstrate that the

FIG. 3. TibA expression in H10407 and H10407 �crp. Outer membranes were purified from the following strains (by lane): 1, HB101/pET109
(tibDBCA); 2, H10407; 3, H10407 �crp/pSE186 (crp�); 4, H10407 �crp/pHG165 (vector); and 5, H10407 �crp. Plasmid pHG165 is the vector
control for both pET109 and pSE186. Outer membrane fractions were then separated by SDS-PAGE and subjected to immunoblotting with
anti-TibA polyclonal antibody (A), glycoprotein staining (B), or Coomassie blue staining (C). As indicated, lane 6 contains molecular mass
standards of 117 and 97 kDa. TibA has an expected molecular mass of 98 kDa, which is increase to �104 kDa by glycosylation (69).
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tibDB promoter is not completely silenced by these mutations
or in the crp::kan background. Thus, the absence of primer
extension products does not indicate a complete absence of
transcription. It does, however, indicate that the transcripts are
below the limits of detection by primer extension. In addition
to the three bona fide primer extension products, we also ob-
served a band near position �131 that was present in all primer
extension reactions, including the dideoxy sequencing reac-
tions, which utilized the same primer (Fig. 6A). This observa-
tion was confirmed by densitometric analyses and indicates
that the band near �131 is a primer or gel running artifact.

DISCUSSION

In this study, we have shown that CRP activates the tibDB
promoter by occupying a binding site upstream of tibD. We

have also identified three CRP-dependent primer extension
products in the tibDB promoter region. The CRP binding site
is centered 59.5 bp upstream of P2, the most abundant primer
extension product, and 62.5 bp upstream of P3, the second
most abundant product (Fig. 6B). The distance of these tran-
scription start sites to the CRP binding site suggests that
tibDBp is primarily a class I promoter (14). With regard to P1, the
minor primer extension product, the 50.5 bp between the CRP
binding site center and the transcription start site is ambiguous
and will require additional experimentation before P1 can be
classified with confidence. Additional experimentation will also
be required to identify the �10 and �35 hexamers of each
promoter. Nevertheless, it is clear from these studies that CRP
binds to tibDBo, activates the tibDB promoter, and is required
for TibA expression. Furthermore there is no evidence of an
additional CRP-dependent promoter within or downstream of

FIG. 4. CRP binds to a site upstream of tibDB. DNase I footprints of CRP bound to coding and noncoding strands of tibDBp are shown. The
CRP binding site, tibDBo, is highlighted by shaded rectangles. Arrowheads indicate CRP-dependent DNase I hypersensitive sites. Numbering is
relative to the tibD start codon. GA, Maxam-Gilbert sequence ladders.
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tibB, because a strain carrying pGPM1121 (tibB60CA) did not
display TibA-dependent autoaggregation.

Transposon mutagenesis and subcloning of the tib locus has
shown that TibB is required for the expression of TibA (28).
TibA is a 104-kDa protein that utilizes a carboxy-terminal
autotransporter domain to reach the outer membrane, where it
functions as an adhesin to mammalian cells (38, 53). TibA also
mediates bacterial aggregation and biofilm formation (69). Ad-
herence to mammalian cells, but not aggregation and biofilm
formation, is dependent upon glycosylation of TibA by TibC
(28, 69). Although tibDB are naturally located in cis with tibCA
(Fig. 2A), TibA is also expressed when tibDB are provided in
trans (28). Moreover, TibB and/or TibD apparently function at
the level of transcription, because they are not required for the
expression or membrane localization of TibA when it is ex-
pressed from a heterologous promoter such as lacp. TibB is
probably a DNA binding protein because it contains a LuxR-
like DNA binding helix-turn-helix motif near its carboxy ter-
minus. We have also identified an 18-bp spaced inverted repeat
(CAACGACTAAAGTCGTTG) centered 196 bp upstream of
tibC within the intergenic region between tibDB and tibCA
(Fig. 2A). This spaced inverted repeat may function as a TibB
binding site, because other proteins with LuxR DNA binding
motifs have been shown to bind spaced inverted repeats (23,
55, 73).

The translation of tibB is likely coupled to that of tibD
because the two genes overlap by 4 bp. The tibD gene encodes
a 20.4-kDa protein that is predicted to be cytoplasmic because
it lacks a signal peptide and transmembrane helices. Residues

FIG. 5. The tibDB promoter is activated by CRP. �-Galactosidase
activities of tibDBp::lacZ reporters integrated into the chromosomal
attBHK022 site of wild-type strain BW25113 or crp::kan strain JW5702 are
shown. Assays were conducted in triplicate on two successive days (n 	 6),
and error bars show the standard deviations of the means. P values were
calculated using the Student t test. (A) Reporter strains GPM1710 (WT)
and GPM1713 (crp::kan) carrying attBHK022::pTibDBLac1 (tibDBo). For
complementation assays, GPM1713 was transformed with pDCRP (crp�)
or pDU9 (vector). (B) tibDBp activity in wild-type (WT) and crp::kan
reporter strains carrying the natural CRP binding site tibDBo or the
mutagenized binding sites tibDBo1 and tibDBo2.

FIG. 6. Identification of CRP-dependent transcription start sites. Numbering is relative to the tibD initiating codon. (A) Primer extension was
used to map the transcription start sites of tibDBp in wild-type and crp::kan reporter strains carrying the natural CRP binding site, tibDBo, or the
mutagenized binding sites, tibDBo1 and tibDBo2. Lanes T, A, C, and G contain dideoxy chain-terminated sequencing ladders produced with the
same primer as the primer extension reactions. The band running across all lanes near �131 is an artifact. (B) Sequences of the tibDB promoter
region and the mutagenized binding sites tibDBo1 and tibDBo2. Overlines and underlines indicate the extent of CRP DNase I footprints. The
inverted repeat within the binding site is shown in bold. Filled arrows and bold type denote the positions of the three transcription start sites. The
weight of each line/arrow reflects the relative proportions of each primer extension product. The distance between the center of the CRP binding
site (unfilled arrow) and each transcription start site is shown in brackets.
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59 to 80 are predicted to form a helix-turn-helix motif (19), and
this motif is contained within a larger region with similarity to
the PF07180 (DUF1401) superfamily, whose members include
GrlA and CaiF (32). GrlA is encoded within, and positively
regulates other genes within, the locus of enterocyte attach-
ment and effacement of enterohemorrhagic E. coli, entero-
pathogenic E. coli, and Citrobacter rodentium (6, 27, 40, 64).
Additionally, GrlA has been shown to positively regulate the
expression of enterohemolysin in enterohemorrhagic E. coli
(65). CaiF is an activator of the E. coli caiTABCDE and
fixABCX operons, which are required for carnitine metabolism
under anaerobic conditions (15). Although this suggests that
TibD is a transcription factor, it is not yet known if TibD is
required for tibCA expression, because Tn5 insertions within
tibD undoubtedly also disrupted TibB expression. Neverthe-
less, our results, when combined with previous studies that
have shown that TibB is required for TibA expression (28),
indicate that CRP positively regulates the expression of tibCA
through an indirect pathway involving TibB and possibly TibD.
The expression of the TibA-like AIDA-I adhesin has also been
reported to be subject to catabolite repression (8). However, it
is not yet known if this is a direct or indirect effect.

CRP has also been shown to regulate the expression of other
ETEC virulence factors. For example, it has recently been
shown that CRP represses the expression of the heat-labile
toxin (10). Unlike TibA, which is regulated through an indirect
pathway, CRP regulates the expression of the heat-labile toxin
by binding to a site centered over the �35 hexamer of the
toxin’s promoter. CRP also regulates the expression of heat-
stable toxins (2, 3, 10, 17, 56). Adhesive pili, such as CFA/I,
CS1, CS2, and CS3, have also been reported to be subject to
catabolite repression (29, 43). For CS1, CS2, and CS3 pili, the
effect is produced indirectly through CRP-dependent expres-
sion of the regulator Rns (M. D. Bodero and G. P. Munson,
unpublished). Thus, it is now clear that nearly all of the char-
acterized ETEC virulence factors are regulated by CRP
through direct or indirect pathways. Since the activity of CRP
is inhibited when sugars such as glucose suppress the synthesis
of cAMP, the pathogen may use the lumenal concentration of
glucose as a cue to differentially express its virulence factors as
it moves through the small intestine, as has been suggested
previously (10, 25). CRP-repressed virulence factors, such as
heat-labile toxin, may be expressed predominately in the duo-
denum, where the concentration of glucose is relatively high
compared to that in the lower sections of the small intestine
(31). As the pathogen travels toward the ileum, catabolite
repression would be relieved as glucose and other monosac-
charides are progressively absorbed by the small intestine. As
a result, CRP-dependent adherence factors such as TibA and
certain types of pili may not be fully expressed until the patho-
gen reaches the lower sections of the small intestine. This
model for the spatial distribution of ETEC virulence factors is
consistent with a murine model of colonization that has shown
preferential colonization of the ileum by H10407 (4).
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